Radiation is a major factor in the spaceflight environment that has carcinogenic potential.
Introduction
Development of radiation-induced cancer in astronauts is among the greatest concerns to the National Aeronautics and Space Administration (NASA). Crewmembers on space missions are continuously exposed to low-dose/low-dose-rate (LDR) radiation above levels normally found on Earth. These individuals are also at risk for irradiation due to violent explosions emanating from the sun, i.e., solar particle events (SPE) that consist primarily of protons and can reach doses as Technology in Cancer Research & Treatment, Volume 9, Number 6, December 2010 high as 1-3 Gray (Gy) (1) (2) (3) . Radiation-induced pathologies have also become increasingly important to the population in general, especially workers at nuclear power plants, patients who receive certain medical procedures, and hospital personnel in radiology or radiation oncology departments. In addition, radiological/nuclear terrorism is an ever-present danger. Indeed, great efforts are underway to develop effective countermeasures to reduce morbidity and possibly fatal outcome due to radiation exposure (4) .
Cancer can occur as a direct result of radiation-induced damage to DNA, as well as indirectly when immune system cells that possess anti-tumor properties are depleted (5, 6) . Leukocytes are generally considered to be highly radiosensitive, although variations exist depending upon the specific cell population and form of radiation (7) (8) (9) (10) . T lymphocytes are major inducers and regulators of adaptive immunity that includes anti-tumor effects. These cells are also among the most radiosensitive in terms of cell death and functional aberrations can persist long-term. For example, atomic-bomb survivors, exposed more than 60 years ago, have chronic reductions in mitogen-induced proliferation interleukin-2 (IL-2) production, and overall CD4 + Th cell counts (11) .
CD4 + CD25 + T cells, discovered by Sakaguchi and colleagues in 1995, were originally referred to as regulatory T cells (Treg) (12) . However, CD4 + T helper (Th) cells when activated by antigen can also express CD25, a protein that forms the alpha chain of interleukin-2 (IL-2). The additional expression of Foxp3 is now used to more specifically identify Treg cells with immunosuppressive properties (13) . Under normal conditions, the CD4 + CD25 + Foxp3 + Treg cells suppress immune responses against self-antigens (e.g., major histocompatibility complex), thus maintaining tolerance/preventing autoimmunity, and down-regulate immune activation after successful removal of infectious agents or inanimate foreign materials (14) (15) (16) (17) . Recent studies have demonstrated that secretion of highly immunosuppressive cytokines such as IL-10 and transforming growth factor-β (TGF-β) by CD4 + CD25 + Foxp3 + Treg cells is an important mechanism by which tumor cells evade destruction by the immune system (18) (19) (20) . High numbers of these cells have been noted in and around breast, lung, liver, and other types of cancers (14, 18) . In a mouse model of colon cancer, the CD4 + CD25 + Foxp3 + Treg cells stopped producing IL-10, induced mast cell proliferation, and promoted an inflammatory response conducive to tumor growth (21) . The interaction of mast cells, which are abundant in skin and mucosal surfaces, and CD4 + CD25 + Foxp3 + Treg cells is an important process not yet fully understood. Reports indicate that CD4 + CD25 + Foxp3 + Tregs recruit and activate mast cells to mediate regional immune suppression and mast cells, in turn, counteract CD4 + CD25 + Foxp3 + Treg-induced tolerance (22, 23) and down-regulate expression of the CD25 and Foxp3 molecules (24) .
Exposure to ionizing radiation may enhance CD4 + CD25 + Foxp3 + Treg cell function. For example, in a study of mice prone to autoimmune disease, repeated doses of 0.5 Gy g-radiation (5X/week for 4 weeks) attenuated development of the disease, a finding that correlated with increased percentage of CD4 + CD25 + Foxp3 + Treg cells in the spleen (25) . However, there are currently no reports on the effects of proton radiation on Treg cells or how they respond to the protracted low doses relevant to space travel. The possibility that low dose exposure can lead to protection against a subsequent high dose radiation event, i.e., radioadaptation (also known as hormesis), must be considered (26) (27) (28) . Better knowledge of proton radiation effects on Treg cells is important also in radiotherapy, considering the recent increase in proton treatment centers around the world. Proton beam therapy is currently used in five clinical settings in the United States and an additional four are in various stages of development; worldwide, there are now at least 20 operational centers.
Our previous investigations using mice exposed to simulated SPE (sSPE) protons have shown dramatic effects on immune cell populations (29) , liver (30) , and lungs (31) . In the present study, we evaluated the distribution of major leukocyte populations and lymphocyte subsets, including CD4 + CD25 + Foxp3 + Treg cells, on days 4 and 21 after wholebody exposure to low dose g-rays, sSPE, or a combination of both radiation regimens. This highly immunosuppressive cell population has been found to infiltrate tumors, including human glioblastoma multiforme (32) , and thus may inhibit immune-mediated tumor destruction. The degree of apoptosis in the skin immediately after radiation exposure (day 0) was also determined due to the importance of Treg-mast cell interactions and high concentration of mast cells at this site.
Materials and Methods

Animals and Study Design
C57BL/6 mice (n = 102 females) were purchased from Charles River Laboratories, (Hollister, CA, USA) at 8-9 weeks of age and maintained in standard size, ventilated, plastic cages (BioZone VentiRack TM BioZone, Inc., Fort Mill, SC, USA) under standard vivarium conditions with food and water provided routinely. After an acclimatization of approximately 1 week, the animals were assigned to four groups: a) 0 Gy control, b) LDR g-radiation c) sSPE protons, and d) LDR+sSPE. In the combination group, sSPE irradiation was initiated immediately after the end of LDR irradiation. The 0 Gy controls underwent identical procedures as the irradiated mice, except for radiation exposure, i.e., they were sham-irradiated in a room distant from the irradiated mice. Subsets from each group were rapidly euthanized in 100% CO 2 on days 0 (approximately 1 h post-irradiation), 4, and 21 post-exposure (n = 16, 40, and 46, respectively). The study was approved by the Loma Linda University (LLU) Institutional Animal Care and Use Committee.
Irradiation with Low-dose/Low-dose-rate (LDR) Photons
As previously described in detail (33) , mice were transported to a room in the LLU Animal Care Facility (ACF) approved for radiation research immediately prior to irradiation using 57 Co plates (AEA Technology, Burlington, MA, USA) that were placed immediately underneath the cages (1 plate/2 cages in BioZone rack); a total dose of 0.01 Gy was delivered at 0.018 cGy/h over a period of 2-3 days with no interruptions. Dose calibration was performed using Capintec Model PRO6-G cylindrical thimble ionization chambers, according to recommendations of the National Institute of Standards and Technology.
Irradiation with Solar Particle Event (sSPE) Protons
The mice were transported to the proton research room at LLU Medical Center and housed in the BioZone Venti-Rack TM . The process of moving the mice from the ACF to the research room and setting up the radiation detectors took approximately 45-60 min. Each cage was modified to house each animal in a separate, aerated plastic cubicle that met the minimum size requirement. Pellets of standard rodent chow and NapaNectar TM gel (SE Lab Group, Cincinnati, OH, USA) were provided ad libitum. A total proton ( 1 H 1+ ) dose of 1.7 Gy was delivered over 36 h at energies ranging from 30 to 210 MeV/n in 10 MeV increments. The proton energy and dose rate profile mimicked a previously recorded SPE (34) . Dose measurements were performed using a parallel plate ion chamber, 16 thermo-luminescence dosimeters attached to the front of the cages in a uniform pattern over the 90  90 cm target area, and Kodak XV film taped to the front of the cages to measure dose uniformity. Details of this procedure and the beam delivery system are described elsewhere (30, 35) .
Immunohistochemistry for Caspase-3 in Skin
Skin samples were collected from the backs of mice euthanized immediately after irradiation (day 0; n = 3 mice/group). Five sections were cut from each skin sample for visual evaluation using Anti-ACTIVE ® Caspase-3 pAb (Promega Corp., Madison, WI, USA). Anti-ACTIVE ® Caspase-3 pAb is designed to specifically recognize the cleaved active form of caspase-3. Five µm thick paraffin sections were deparaffinized in Histo-clear, then permeabilized in 0.3% TritonX-100. Sections were then incubated with rabbit anti-active caspase-3 primary antibody at room temperature for 2 h, followed by donkey anti-rabbit IgG fluorescence-conjugated secondary antibody for 2 h at room temperature, and then counterstained with propidium iodide. Sampled sections were imaged and analyzed with an Olympus FV 1000 laser-scanning confocal imaging system mounted onto an Olympus IX81 microscope (Olympus America Inc., Center Valley, PA, USA).
Body and Relative Spleen Mass
Mice were weighed immediately after the end of irradiation (day 0) and on days 4 and 21 post-exposure. At the times of euthanasia, spleens were excised, weighed, and their mass relative to body mass (RSM) was calculated: RSM = spleen mass (mg)/body mass (g).
Analysis of Major Cell Types in Blood and Spleen
As previously described, blood was collected in syringes with anticoagulant by cardiac puncture immediately after euthanasia on days 4 and 21; spleens were excised, processed into single-celled suspensions, and red blood cells (RBC) were lysed (29) . A HESKA TM Vet ABC-Diff Hematology Analyzer (Heska Corp., Waukesha, WI, USA) was used to obtain total white blood cell (WBC) counts and three-part differential (lymphocytes, monocytes, granulocytes). For the blood, additional parameters were obtained for RBC and platelets.
Flow Cytometry Analysis of Lymphocyte Subpopulations in Spleen
A 2-tube custom-conjugate mixture (Pharmingen, San Diego, CA, USA) with fluorescent monoclonal antibodies including CD45*PerCP, CD3*FITC, CD4*APC, CD8*PE, CD19*APC, and NK1.1*PE was used. CD45 + leukocytes were gated, followed by identification of CD3 + T, CD3 + / CD4 + T, CD3 + /CD8 + T, CD19 + B, and NK1.1 + natural killer (NK) cells were identified using a direct labeling procedure as previously reported (36) . For Treg analysis, cells were stained with the mouse regulatory T cell staining kit which included FJK-16s*PE (anti-Foxp3), CD4*FITC, and CD25*APC (eBioscience, Inc., San Diego, CA, USA). The CD4 + CD25 + T cells, both with and without Foxp3, were quantified by gating on side scatter and the CD4 + cells, followed by analysis of the CD25 + versus FJK-16s + (Foxp3 + ) subset, as shown in Figure 1 . The assessments were carried out on days 4 and 21 using a 4-color FACSCalibur TM flow cytometer (BD Biosciences, San Jose, CA, USA); CellQuest TM software (v3.1, Becton Dickinson) was used to evaluate a minimum of 5,000 events/tube. These analyses together with the numerical data from the automated hematology analyzer were used to obtain numerical and proportional data for each cell population.
Statistical Analysis
The data were first evaluated using a three-way analysis of variance (ANOVA) to characterize any LDR  sSPE related interactions. We used a 2  2  2 design with time of analy- 
Results
Note: When analyzed with a three-way ANOVA with time, LDR, and sSPE as independent variables, there was an LDR  sSPE related interaction for NK percentage in blood (p < 0.005). For this parameter, LDR by itself caused a slight decrease and LDR+sSPE caused a slight increase; this LDRdependent divergence caused the LDR  sSPE interaction. Similarly, a three-way interaction occurred for the CD4/CD8 ratio in the blood (p < 0.05). This was due to a day-dependent increase in the ratio seen in mice exposed to LDR alone, an effect not seen after LDR+sSPE exposure. Given the paucity of significant interactions, we will focus the rest of the results and discussion on the post-hoc Tukey pair-wise comparisons on each day.
Body and Relative Spleen Mass (RSM)
Body mass was similar among groups immediately after irradiation (day 0), as well as on days 4 and 21, post-exposure (data not shown). However, 4 days after exposure, RSM was diminished in both sSPE-treated groups (Figure 2 ). Post-hoc analysis showed that mice in these two groups had lower mean values compared to 0 Gy controls at this early time point (p < 0.05). There was also a trend for lower RSM in the LDR+sSPE group compared to LDR alone (p = 0.073). By day 21, although values were still low in the sSPE-treated mice, there were no significant differences between groups.
Apoptosis in Skin Based on Caspase-3
Immunostaining of skin samples for activated caspase-3, a marker for apoptosis, was performed on subsets of mice euthanized on day 0 (n = 3 mice/group). A representative example from each group is shown in Figure 3 . Activated caspase-3 was not detected in the 0 Gy samples, but was present in skin sis post-exposure, exposure to LDR, and exposure to sSPE as independent variables. To evaluate differences at each time point, a one-way ANOVA was performed using group (0 Gy, LDR, sSPE, LDR+sSPE) as the independent variable. Tukey's test was utilized, when warranted, for pair-wise multiple comparisons to obtain means and standard errors (SEM) and to identify significant differences and trends, i.e. p < 0.05 and p < 0.1, between sets of two groups (SigmaStat™ software, version 2.03, SPSS Inc., Chicago, IL, USA). There were very few effects on erythrocytes and thrombocytes (data not shown). Briefly, there was only a trend (p = 0.085) for a difference in RBC counts on day 4 between the LDR+sSPE (7.4 ± 0.2  10 6 /mm 3 ) and the LDR only group (8.1 ± 0.2  10 6 /mm 3 ). At this same early time point, there were slight, but statistically significant increases in mean RBC and platelet volumes after LDR+sSPE compared to 0 Gy controls (p < 0.05). By day 21, however, all values were similar among groups.
Major Leukocyte Populations in Spleen
As shown in Figure 5 , splenic WBC counts were low in the sSPE group compared to 0 Gy and LDR (p < 0.005); a similar effect was seen for lymphocytes after LDR+sSPE exposure (p < 0.005 vs. 0 Gy, p < 0.05 vs. LDR). Monocyte-macrophage counts were low after sSPE (p < 0.005 vs. 0 Gy, p < 0.05 vs LDR). In the LDR+sSPE mice, these cells were low versus the 0 Gy controls (p < 0.01) and a trend was observed compared to LDR (p = 0.060). Numbers of granulocytes on day 4 in the sSPE and LDR+sSPE groups were decreased compared to 0 Gy (p < 0.05). By day 21, there were no significant differences between any groups for the characterized populations.
Similarly, the proportions of these cells were increased on day 4 (Table I) in the sSPE and LDR+sSPE mice compared from all three irradiated groups. Based on visual inspection, the level of expression was lowest after LDR photons and highest after exposure to LDR+sSPE. Figure 4 shows that the lymphocyte count decreased in the animals exposed to LDR+sSPE compared to 0 Gy controls (p < 0.001) and LDR alone (p < 0.01). The sSPE group also had low lymphocyte numbers (p < 0.001 vs. 0 Gy, p < 0.01 vs. LDR). This resulted in low WBC counts in the LDR+sSPE group (p < 0.005 vs. 0 Gy, p < 0.05 vs LDR) and a strong trend for depletion after sSPE (p = 0.054). On day 21, the lymphocyte counts in the LDR+sSPE group were still low (p < 0.05 vs. 0 Gy) and a strong trend was again noted for low values in the sSPE group (p = 0.057). There were no significant differences in monocyte and granulocyte counts at either time point of assessment.
Leukocytes, Erythrocytes and Thrombocytes in Blood
As shown in Table I , exposure to sSPE had an impact on the percentages of all three major leukocyte populations. At 4 days post-irradiation there were no significant differences between sSPE and LDR+sSPE groups, but both differed significantly from 0 Gy controls and/or LDR alone (p < 0.05), i.e., %lymphocytes were lower and %monocytes and %granulocytes were higher. This same pattern was still evident on day 21. noted compared to LDR (p = 0.052). The reduction in these cells, however did not translate into a significant change in the CD4:CD8 ratio. For B cells, counts were low after LDR+sSPE (p < 0.05 vs. 0 Gy and LDR), with a trend for a similar decrease after sSPE alone (p = 0.053 vs. 0 Gy). There was no effect on NK cell counts at this early time point.
On day 21 ( Figure 6 ), T, B, and NK cell counts were depleted in the LDR+sSPE group (p < 0.05 vs. 0 Gy in to those receiving either 0 Gy or LDR alone (p < 0.05). There were no differences among groups in the proportions of any cell population by day 21.
Major Lymphocyte Populations in Blood
The numerical data are shown in Figure 6 . On day 4, CD8 + T cells were significantly lower in the LDR+sSPE group compared to 0 Gy (p < 0.05) and a strong trend for low counts was p < 0.01, respectively). In spleens from the LDR-irradiated mice, the CD4 + subset count was lower than for 0 Gy (p < 0.05). In the sSPE and LDR+sSPE groups, CD4 + T cell counts were lower compared to 0 Gy and LDR (p < 0.001 and p < 0.05, respectively). Similar reductions occurred in the CD8 + T subset, resulting in no significant effect on the CD4:CD8 ratio. On day 4, the pattern of B cell depletion in the LDR, sSPE, and LDR+sSPE groups was essentially the same as noted above for T cells. There were no differences among groups in NK cell counts.
By day 21 (Figure 7 ), the numbers of T, B, and NK cells were similar among groups. For CD8 + T cell counts there was a strong trend for low numbers in the sSPE group compared to 0 Gy controls (p = 0.050). Similarly, there was only a trend for increases in the CD4:CD8 ratio increases in the sSPE and LDR+sSPE groups compared to LDR (p = 0.072 and p = 0.075, respectively). Table II shows that on day 4, the sSPE group had a higher proportion of T cells compared to 0 Gy (p < 0.05), the LDR+sSPE group had a higher proportion compared to LDR (p < 0.05), and a trend was noted compared to 0 Gy (p = 0.059). B cell percentage was lower in the sSPE and LDR+sSPE groups compared to 0 Gy and LDR (p < 0.001 for both). For NK cells, the percentage was higher in the sSPE and LDR+sSPE groups versus 0 Gy and LDR (p < 0.001 for both). By day 21, the proportional values for these three populations were similar among groups.
T and NK cell counts and p < 0.01 vs. 0 Gy for B cell counts). With respect to T cell subpopulations, sSPE and LDR+sSPE groups had lower numbers of CD8 + T cells compared to 0 Gy controls (p < 0.05). This resulted in a significantly increased CD4:CD8 ratio in the sSPE group vs. 0 Gy (p < 0.01) and LDR (p < 0.005) and a trend for an increase in the sSPE group compared to the LDR+sSPE group (p = 0.089). Table II shows the percentages of T, B, and NK cells. Posthoc analysis on day 4 showed a trend for increased proportion of T cells in the sSPE group (p = 0.058 vs. LDR). B cell proportion was decreased by sSPE (p < 0.05 vs. LDR and p = 0.078 vs. 0 Gy) and LDR+sSPE (p < 0.05 vs. 0 Gy and p < 0.005 vs. LDR). On day 4, NK cell percentages were higher values after exposure to either sSPE (p < 0.05 vs. LDR) or LDR+sSPE (p < 0.01 vs 0 Gy and p < 0.001 vs. LDR). By day 21, there were no significant differences among groups in any characterized population.
Major Lymphocyte Populations in Spleen
Total T, CD4 + T, CD8 + T, B, and NK cell counts are presented in Figure 7 . On day 4, T cell counts were low in all irradiated groups, including the one receiving only LDR (p < 0.05 vs. 0 Gy). In the sSPE group, T cell counts were lower than in the 0 Gy and LDR groups (p < 0.001 and p < 0.05, respectively). Similarly, exposure to LDR+sSPE resulted in low values compared to 0 Gy and LDR (p < 0.001 and irradiated mice compared to the 0 Gy controls (p < 0.005); a trend for a decrease was noted for LDR+sSPE compared to LDR alone (p = 0.099). The CD4 + CD25 + T cells were very significantly decreased also in the sSPE and LDR+sSPE sSPE protons alone caused a decrease of nearly 1  10 3 cells/ mm 3 in the WBC count at this early time point, whereas in the spleen a decrease of approximately 15  10 3 cells/mm 3 was noted (Figures 4 and 5) . The significant depletion of lymphocytes, but not monocytes or granulocytes, in the blood circulation was still evident on day 21 in the LDR+sSPE group. These data are consistent with the high radiosensitivity of this population and suggest that the pre-exposure to LDR may have actually decreased their regeneration capacity more than sSPE alone. An additional mechanism that could contribute to the differential effect is variation in migration rates to sites of radiation-induced tissue damage. Low-dose radiation enhancement of cells involved in innate, rather than adaptive, immunity has been reported by other investigators (37) .
Tregulatory (Treg) Cells in Spleen
The lymphocytes (T, B, and NK cells) are essential for optimal immune defenses, including removal of potentially harmful (virally-infected, mutated, transformed) cells and production of antibodies. LDR radiation alone significantly reduced CD3 + T, CD4 + T, and B cell counts in the spleen on day 4; a trend for low CD8 + T cell counts also occurred (Figure 7) . Since the T cells are very important in execution groups compared to 0 Gy (p < 0.001). By day 21 ( Figure  8 ), however, there were no differences among groups in the numbers of CD4 + CD25 + T cells and CD4 + CD25 + Foxp3 + Treg cells. Figure 8 also shows that after gating on the CD4 + T cells, the proportion of CD4 + CD25 + Foxp3 + Treg cells was higher in the mice exposed to sSPE versus the 0 Gy controls (p < 0.005) and higher after LDR+sSPE compared to the groups that had received either 0 Gy or LDR alone (p < 0.001 and p < 0.05, respectively). At this same early time point, a similar pattern was seen for the CD4 + CD25 + T cells; the percentage was higher in the sSPE group versus 0 Gy (p < 0.05) and higher in the LDR+sSPE group compared to 0 Gy and LDR alone (p < 0.01). The means were similar among all groups by day 21.
Discussion
The data show highly significant effects of sSPE on all major leukocyte populations 4 days after irradiation, regardless of pre-exposure to LDR photons. In the blood, irradiation with of adaptive anti-tumor immunity, low numbers may increase risk for cancer (5) . However, the depletion in the T cells by exposure to only LDR photons was not persistent in that their numbers were equivalent to normal by day 21 and there was no effect on T cells circulating in blood in mice irradiated only with LDR g-rays ( Figure 6 ). Exposure to low-dose ionizing radiation has been reported to enhance repair of double-strand DNA breaks (38) and decrease probability for abnormalities such as neoplastic transformation (39) . Many studies with irradiated animals have supported the conclusion that low-dose radiation provides protection against tumor development and metastases by activation of immune mechanisms rather than by impairment of neoplastic cell viability (reviewed in ref. 40) . Furthermore, epidemiological studies have reported that the incidence of leukemias and some solid cancers is not increased among persons exposed to low-level radiation, and that risk may even be decreased (41) (42) (43) .
Pair-wise analysis showed that NK cell numbers in both blood and spleens from mice in all irradiated groups were similar to those in non-irradiated animals, the only exception being low counts in blood from the LDR+sSPE group on day 21 ( Figure 6 ). The lack of any other effects due to pre-conditioning with LDR irradiation prior to sSPE exposure was somewhat unexpected, since many studies have demonstrated induction of protection by low-dose radiation against a subsequent high-dose radiation event (26, (44) (45) (46) . Radioadaptation apparently can occur in cells hit directly by radiation or as a consequence of the "bystander effect," i.e., interaction with substances released by the hit cells and/ or by direct contact with them (47, 48) . We have recently found with whole-body irradiated mice, that LDR photons delivered to a total dose of 0.01 Gy minimized the effects of sSPE protons on certain survival proteins in CD4 + Th lymphocytes and increased capacity to produce IL-2 and IL-4, immune activating cytokines that are produced by the Th1 and Th2 subsets, respectively (manuscript in preparation). It is entirely possible that LDR-induced intracellular changes may not be necessarily manifested as significant changes in cell counts or percentages.
Our findings that LDR radiation-induced protection against apoptosis did not occur in the skin is consistent with the other data presented here. The highest level of activated caspase-3, a key enzyme in the cascade leading to apoptotic death, was noted in the LDR+sSPE group (Figure 3) . Although mast cells were not specifically identified, they are abundant in the skin, typically surrounding blood vessels and nerves. Furthermore, exposure to ionizing radiation creates an ischemic environment that results in recruitment of mast cell precursors to facilitate revascularization (49) . During this process, mast cells produce a variety of factors, including vascular endothelial growth factor, several fibroblast growth factors, and TGF-β (50, 51) . In a study of sSPE proton effects on the lungs, where mast cells are also abundant, we found increased and persistent expression of pathological conditions. For example, radiation-induced T lymphocyte depletion decreases the possibility that cells with specific receptors would be available that could respond to antigens on virally-infected cell or mutated antigens on potentially tumorigenic cells. To prove, however, that the noted changes can lead to adverse health consequences, an immune challenge needs to be administered in future studies. Many questions remain, especially with respect to the functional status of the CD4 + CD25 + Foxp3 + Treg cells, as well as the response of these cells to doses relevant to radiotherapy. At least some answers should come in the not too distant future as space exploration proceeds. Also, interest in the use of low-dose radiation to enhance Treg-mediated immunosuppression for treatment of autoimmune diseases and organ transplant rejection (25, 57) and their down-regulation in patients with cancer (32, 40) or injury to the central nervous system (58, 59) remains high.
TGF-β1 (31) . Historically, studies on mast cells have dealt primarily with inflammation during allergic reactions and their protective properties against parasitic infections. It is now clear that these leukocytes play important roles in both innate and adaptive immunity (52, 53) . Although very few studies have been conducted on mast cell response to radiation, they appear to be highly radioresistant, as demonstrated with cultured mouse mast cells derived from skin and bone marrow (54) . Thus, there is certainly the possibility that cells other than mastocytes were undergoing apoptotic death (55), e.g., macrophages, fibroblasts, adipocytes, keratinocytes, and endothelial cells.
While the CD4 + Th1 and Th2 subsets activate the immune system, the CD4 + CD25 + Foxp3 + Treg cells are immunosuppressive due, at least partly, to secretion of IL-10 and TGF-β (15) (16) (17) . As such, this subset can suppress activities of CD8 + T cytotoxic, Th1, Th2, Th17, and NK cells. In the present study, the number of CD4 + CD25 + Foxp3 + Treg cells was significantly decreased in the sSPE and LDR+sSPE groups on day 4, but their percentages were increased ( Figure 8 ). By day 21, significant differences among groups were no longer present. These findings suggest that immune responsiveness may have been compromised in the animals for a period of time. On the other hand, the numerical depression may have been conducive for efficient removal of radiationinduced dead cell debris. Increased percentage of Treg cells has been noted previously after multiple whole-body exposures to g-radiation (25) . We have recently found that exposure to LDR photons, both with and without sSPE protons, decreased CD4 + T cell production of TGF-β1, one of the immunosuppressive cytokines secreted by Treg cells (manuscript in preparation). Some investigators have shown that Treg cells exhibit decreased proliferation, increased apoptosis, and down-regulated expression of Foxp3 and TGF-β after g-irradiation in culture; their suppressive effect on CD4 + Th cells was also abolished (56) . In this latter study, however, doses up to 30 Gy were used, i.e., much larger than in our study. Also, it is clear that conclusions based on results obtained with g-radiation cannot always be extrapolated to particle radiations such as protons.
In conclusion, this study demonstrates, for the first time, the effects of proton radiation simulating a violent solar storm, with and without protracted exposure to low-dose photons that mimic the background radiation during space missions, on a variety of immune cell populations. Serious dysfunction of the immune system during extended space missions, for example to the moon or Mars, could have catastrophic consequences. Although the observed depletion of some leukocyte populations may be considered as relatively small, it should be noted that clonogenic activation of relatively few cells may be all that is required to activate adaptive immune mechanisms that mediate resolution of infections and a number of other
